ABSTRACT 5-Aminolevulinic acid synthesis in isolated, intact, developing chloroplasts from greening cucumber (Cucumis sativus) cotyledons was inhibited by broken chloroplast fragments. It was shown that the inhibitory constituent was associated with the thylakoid membrane system. The inhibitor was resistant to boiling, was not a form of ribonuclease, and did not inhibit Mg-chelatase, indicating that massive organelle destruction was not involved. The inhibitor was also found in etioplast and mature chloroplasts; and it was found in barley as well as cucumber. 5-Aminolevulinate synthesis in the dark with exogenous ATP and NADPH, or in the light without added cofactors, were inhibited approximately equally. In the dark, 5-aminolevulinate synthesis and protochlorophyllide synthesis from glutamate were inhibited to about equal extent. The inhibition was decreased when the membranes were washed with aqueous acetone prior to incubation. The inhibition by the unknown factor was compared to the inhibition by gabaculine, 4-amino-5-hexynoic acid, protoheme, and glutathione. The unknown inhibitor appeared to have a number of similarities with protoheme.
Intact developing cucumber (Cucumis sativus) chloroplasts are very active in the synthesis of ALA.2 However, we have been unable to obtain a soluble enzyme system for the conversion of Glu to ALA starting from greening cucumber cotyledons (9) .
As soon as the chloroplasts were broken, the activity disappeared. Therefore, we formulated the working hypothesis that chloroplast breakage releases an inhibitor of ALA synthesis, so that even a partial disruption of chloroplast integrity results in a major loss of ALA-synthesizing capacity measured in vitro.
f In this article, we report on a series ofexperiments revealing the presence of an ALA synthesis inhibitor that sediments with chloroplast membrane fragments. This endogenous inhibitor is heat stable and partly acetone soluble. In these ' Supported by National Science Foundation grant No. DCB 89-05814. experiments, ALA synthesis was always carried out in organello. Therefore, the inhibitor must be able to diffuse out of the TM with which it is associated, and penetrate through the envelope to inhibit ALA synthesis inside the intact developing chloroplasts.
A preliminary report on this work has appeared in abstract form (16) .
MATERIALS AND METHODS

Materials
Cucumber seeds (Clucuimis sativuts L. var Beit Alpha) from Harris Moran Seeds (Salinas, CA) were surface-sterilized for 5 min with 1% bleach and rinsed with distilled water for 5 to 10 min. The sterilized seeds were germinated in complete darkness for 6 d and the seedlings were illuminated continuously with fluorescent light for 20 h as described (10 
Methods
Incubation Conditions
Intact chloroplasts were isolated from germinating cucumber cotyledons (6); for dark Pchlide and ALA synthesis, they were illuminated for 3 to 5 min in fluorescent light to remove the endogenous Pchlide (4); for ALA synthesis in the light, the isolated plastids were used directly, without preillumination. Incubation conditions were as previously reported (10). Bradford (2) .
RESULTS
Intact chloroplasts were highly competent in the synthesis of ALA from Glu (9), but upon freeze-thawing they lost at least 96% of their activity. When intact chloroplasts were incubated with an equal amount of freeze-thawed chloroplasts, a significant inhibition (50-60%) was observed. A preliminary observation indicated that cucumber chloroplast fragments also inhibited ALA synthesis in a soluble extract derived from Chlorella sp. (CJ Walker, and JD Weinstein, unpublished result). However, that observation was not followed up.
Differential centrifugation revealed that most of the inhibitory activity was associated with the thylakoid membrane fraction, TM (Table I ). The inhibitory constituent found in the TM was relatively stable to boiling and the inhibition was enhanced only slightly when the TM were sonicated (Table  II) .
Because ALA synthesis can be inhibited by RNase, which destroys the required tRNA'uIL (7), we tested the effect of the placental RNase inhibitor, RNAsin. RNAsin did not overcome TM inhibition even when it was preincubated with TM for 5 min prior to the addition of chloroplasts (Table III) .
The endogenous inhibitor present in the TM did not have any effect on Mg-chelatase (Table IV) , an activity that also requires chloroplast intactness (6) .
The inhibitory property was found to be present regardless of whether the membranes were isolated from etioplasts or greening or fully mature cucumber chloroplasts (Fig. 1) . It appeared that the inhibition increased with increasing physiological age. However, the points in Figure 1 are not sufficient to establish this relationship unequivocally.
The inhibitory property was found also in the TM isolated from greening barley (Fig. 2) ; in fact, on a protein basis, cucumber and barley TM were about equally inhibitory.
The inhibitory effect of TM on ALA synthesis was qualitatively the same whether ALA synthesis was assayed in the dark with added ATP and NADPH or assayed in the light (9) relying on photosynthetic activity to provide the required cofactors (Fig. 3) . In the dark, it was also possible to compare in organello ALA and Pchlide accumulation (Fig. 4) . The inhibition by the TM was seen on both assays. No systematic effect of the inhibitor was detected on "ALA overproduction."
Washing of the TM with neutral aqueous acetone decreased, but did not eliminate, the inhibitory property of the TM (Fig. 5) . Likewise, a dry acetone powder prepared from the TM according to a conventional method (13) In a previous study (1 1), two aminotransferase inhibitors, GAB and AHA, were found to inhibit ALA but not Pchlide accumulation in parallel assays, thereby eliminating ALA overproduction. TM inhibition of ALA accumulation was tested in the presence of these two inhibitors and it was found that both GAB and AHA increased the inhibition over that which was obtained by TM alone (Table V) . On the other hand, two other inhibitors of ALA accumulation, protoheme and GSH (1 1), did not enhance significantly the inhibition caused by TM (Table VI) . Moreover, when the inhibitions caused by GAB and protoheme were compared in an experiment that did not involve the TM at all, it was seen that GAB enhanced the inhibition of ALA synthesis over the level that was obtained by protoheme alone and protoheme supplemented the inhibition due to GAB (Table VII) .
DISCUSSION
The endogenous inhibitor appears to be bound to the thylakoids because it is sedimented under conditions that would probably bring down only a small percentage of the envelope fragments (Table I ) (SM Theg, personal communication). It is largely unaffected by boiling, indicating considerable stability (Table II) . Because ALA synthesis requires a specific tRNAG'u (1, 7) and because plant RNase is very heat stable (12), we examined the possibility that the exogenous inhibitor is some form of RNase. This does not appear to be the case, because the inhibition of ALA synthesis by isolated TM is in no way relieved by RNAsin (Table III) .
If the endogenous inhibitor brought about a massive lysis of the chloroplast suspension, Mg-chelatase activity would be decreased because this process in developing cucumber chloroplasts also requires organelle intactness (6) . However, Mgchelatase was unaffected (Table IV) . We must conclude, therefore, that TM do not inhibit ALA synthesis by destroying chloroplast integrity.
The inhibitory factor is found in plastid membranes at different physiological stages, although there may be a small increase that parallels greening (Fig. 1) ; and is found in barley as well as in cucumber chloroplast membranes (Fig. 2) . The effect of the diffusable TM inhibitor has not been tried on a membrane-free ALA-synthesizing extract from cucumbers because, so far, we have been unsuccessful in obtaining such a system. On the other hand, broken cucumber chloroplasts did inhibit a soluble ALA-synthesizing extract from Chlorella (CJ Walker, JD Weinstein, unpublished result). Therefore, it seems that the inhibitory property of TM described in this paper is not limited to ALA synthesis in cucumber chloroplasts.
Although most of our experiments used the photosynthetic assay that does not require addition of ATP and NADPH (9), it was seen that TM inhibition occurred with both photosynthetic and dark assays (Fig. 3) . In the dark, the TM inhibited both ALA and Pchlide synthesis, and, in contrast to other inhibitors we have tested previously (11), TM did not appear to have an effect on ALA overproduction (Fig. 4) .
Experiments in which TM were combined with other known inhibitors of ALA synthesis (Tables V, VI) showed that the effect of the TM could be enhanced by GAB and AHA to an overall inhibition of approximately 90% (Table  V) . However, protoheme and GSH supplemented TM inhibition to a much lesser extent (Table VI) .
ALA synthesis as a function of added protoheme drops off rapidly at first, but remains almost stationary beyond 1 AM protoheme (I 1). The inhibition caused by 2 AM protoheme was also enhanced by 1 mM GAB (Table VII) , suggesting a possible analogy between the inhibitory roles of TM and exogenous protoheme. It should be pointed out that GAB and AHA inhibit the last step in ALA synthesis, glutamic-l-semialdehyde aminotransferase (5) , whereas protoheme, and by inference, GSH, which seems to potentiate protoheme inhibition (15) , inhibit an earlier step, either tRNAGIU reductase (1, 8) , tRNAGIU synthetase (3), or possibly both. In a previous comparative study, we showed that the two inhibitors, GAB and AHA, at low concentration inhibited the ALA synthesis assay strongly but had no effect on in organello Pchlide synthesis; therefore, they abolished ALA overproduction (1 1). Protoheme, on the other hand, inhibited both assays and had a less pronounced effect on ALA overproduction.
An appealing hypothesis is that the TM inhibitor blocks ALA synthesis at the same step as protoheme, but that either compound fails to inhibit the tRNAGIU reductase (or tRNAG' synthase) in organello more than 70 to 80%. When the two are administered together, little further decrease of ALA synthesis is observed because the inhibition at that site is already saturated. This hypothesis implies that a small flow of glutamic-I-semialdehyde may not be subject to regulation.
It is possible that the ALA synthesis inhibitor found in association with the TM was, in fact, protoheme. TM were 
